The objectives of this study were to assess whether people who report hypersensitivity to weak electromagnetic fields (EMFs) are better at detecting EMF under blind or double-blind conditions than nonhypersensitive individuals, and to test whether they respond to the presence of EMF with increased symptom reporting. Methods: An extensive systematic search was used to identify relevant blind or double-blind provocation studies. This involved searching numerous literature databases and conference proceedings, and examining the citations of reviews and included studies. The results of relevant studies were tabulated and metaanalyses were used to compare the proportions of "hypersensitive" and control participants able to discriminate active from sham EMF exposures. Results: Thirty-one experiments testing 725 "electromagnetically hypersensitive" participants were identified. Twenty-four of these found no evidence to support the existence of a biophysical hypersensitivity, whereas 7 reported some supporting evidence. For 2 of these 7, the same research groups subsequently tried and failed to replicate their findings. In 3 more, the positive results appear to be statistical artefacts. The final 2 studies gave mutually incompatible results. Our metaanalyses found no evidence of an improved ability to detect EMF in "hypersensitive" participants. Conclusions: The symptoms described by "electromagnetic hypersensitivity" sufferers can be severe and are sometimes disabling. However, it has proved difficult to show under blind conditions that exposure to EMF can trigger these symptoms. This suggests that "electromagnetic hypersensitivity" is unrelated to the presence of EMF, although more research into this phenomenon is required.
INTRODUCTION "
E lectromagnetic hypersensitivity" (EHS) is a relatively new phenomenon in which sufferers report a range of symptoms that are apparently triggered by the presence of weak electromagnetic fields (EMFs) (1) . These symptoms show no cohesive pattern (2, 3) but are typified by nonspecific sensations such as sleep disturbance, headaches, fatigue, and subjective cognitive problems (2, 3) . In its more severe form, EHS can be disabling, preventing sufferers from pursuing normal work or social lives.
The electromagnetic triggers for the symptoms reported by EHS sufferers are diverse. Although a list of the more common would include visual display units (VDUs), mobile phones, mobile phone base stations, fluorescent lighting, overhead power lines, and household items such as televisions and microwave ovens (3) , not all sufferers report being sensitive to all potential triggers and many report only 1 or 2 specific electrical items as being problematic. The EMFs emitted by these devices vary considerably and encompass frequencies in the radio, microwave, kilohertz, and extremely low-frequency ranges (3) . In almost all cases, however, the intensity of the EMFs that seem to trigger EHS symptoms is far below that known to cause physiological changes in animal models (4, 5) .
The underlying causes of EHS are the subject of considerable debate. On the one hand, it has been proposed that biophysical factors may make a minority of people particularly sensitive to EMF, with mechanisms involving the release of histamine by mast cells (6) having been suggested. On the other hand, it has also been proposed that the condition may be more psychologic than physicochemical (7) , with symptom amplification and classic conditioning being important. Clearly, the appropriate treatment and management of EHS will depend on which of these models is correct. The best way to determine this is to examine the results of blind and double-blind experimental provocation studies. These experiments typically expose volunteers with selfreported EHS to 2 conditions, an active condition in which weak EMFs are presented and an inactive condition in which they are not. Two outcomes can then be examined: the participant's ability to correctly discriminate active from inactive (their "electromagnetic sensibility") and the participant's tendency to experience more symptoms in the active condition (their "electromagnetic hypersensitivity") (8) . Although electromagnetic sensibility may be a necessary precondition for EHS, it is certainly not sufficient as there is evidence that healthy individuals can display heightened sensibility without necessarily experiencing symptoms as a result (8) .
Two previous reviews have looked at provocation studies for EHS in some detail. In 1997, a report for the European Commission (1) described the results of 13 such experiments and concluded that, although "'electromagnetic hypersensitive' people do react in these provocation studies, [. . . ]these reactions have not been shown to be related to the fields." More recently, a systematic review considered the results of 8 experimental studies published in peer-reviewed journals before coming to a similar conclusion (9) .
The systematic review reported here attempted to identify all blind or double-blind provocation studies for EHS that could help to answer the following questions: are people who are apparently hypersensitive to weak EMFs better at detecting these fields under blind or double-blind conditions than nonhypersensitive individuals, and do they respond to the presence of weak EMFs with increased symptom reporting?
METHODS

Search Strategy for the Identification of Studies
base, Index to Theses, the Institute of Electrical and Electronics Engineers EMF research database, ISI Proceedings, ISI Web of Science, Medline, Psychinfo, and the World Health Organisation EMF research database. These were searched from inception to January 2004 for a wide range of MeSH or free-text key words relating to EHS, including, for example, "electrical sensitivity," "electromagnetic hypersensitivity," "electro-smog," "technostress," "screen dermatitis," and "environmental illness." The databases were also searched for papers using combinations of relevant stimulus MeSH or free-text key words (eg, "mobile phone," "computer," "power line") and hypersensitivity MeSH or free-text key words (eg, "allergy," "hypersensitivity," "intolerance").
In addition, the Bioelectromagnetics Society conference proceedings for 1996 to 2003 were handsearched, as were the documents available on the COST 281 web site. The reference sections of any pertinent studies and reviews were also examined for additional references.
Inclusion Criteria
Only blind or double-blind experimental provocation studies were eligible for inclusion in the review, with a provocation study defined as any experiment in which the participants were systematically exposed to higher EMFs in 1 experimental condition than in another. Because we were interested primarily in the effects of ambient EMF, studies in which an electrical current was directly applied to participants were excluded (e.g. 10) .
Eligible studies were required to test a discrete sample of participants who reported symptoms associated with low-intensity manmade electromagnetic stimuli. This attribution had to have been explicitly made by either the participants themselves or the experimenters. So, for example, studies investigating symptomatic VDU users in which no attribution of the symptoms to the VDU had been explicitly made (e.g. 11) were excluded, as were studies in which participants reported symptoms that were suspected to be the result of visual or ergonomic features of the VDU. Studies that examined the putative effects of EMFs on healthy volunteers alone were also excluded.
Finally, only studies reporting data relating to certain outcomes were included in the review. In particular, we were only interested in experiments that examined outcomes that are central to the self-diagnosis of EHS, ie, subjective symptoms, physical signs such as observer-rated skin rash and subjective perception of whether EMF is present. Proxy measures of ill health such as blood tests or skin biopsies are less relevant to this process of self-diagnosis and are not covered in this article.
Data Extraction and Analysis
Details regarding the following aspects of each included study were extracted and tabulated: sample (n, details regarding any control sample), stimuli (type of provocation), design (number and length of provocations per participant), sensibility results (total number of provocations correctly identified as active or inactive by participants, number of participants classified as able to discriminate active from inactive), and hypersensitivity results (type of self-reported symptoms or other relevant health outcomes measured, significance level of any difference).
Metaanalyses were conducted to determine whether the proportion of EHS participants apparently able to discriminate active from inactive conditions was greater than the corresponding proportion of control participants.
Review Process
The literature searches, assessments of inclusion, and data extraction were conducted by Gideon James Rubin with uncertainties resolved through consultation with the 2 coauthors. Where uncertainty existed as to whether 2 papers reported data from the same experiment, clarification was sought from the authors of the original papers.
RESULTS
Search Results
In total, approximately 8600 titles or abstracts were examined from which 497 papers were selected as potentially relevant to the review and examined in full. Of these, 372 were excluded because they were review papers, editorials, duplicate publications, or did not include a sample of people whose symptoms were explicitly attributed to EMF. A further 83 did not describe provocation studies, and 13 reported unblinded provocations.
Details relating to 31 individual provocation experiments involving 725 EHS participants were included. Thirteen experiments (213 EHS participants) used VDU-related provocations as their active exposure condition, 7 (161 EHS participants) examined mobile phone-related provocations, 10 (315 EHS participants) examined other EMF provocations for participants with generalized EHS, and 1 (36 EHS participants) tested an apparently healthy group of volunteers categorized as electromagnetically hypersensitive based on a median split for the results of a single questionnaire item.
Visual Display Unit-Related Experiments
Details regarding the 13 VDU-related experiments are given in Table 1 . Of these, 1 reported significantly worse symptoms in the active condition than in the sham condition for 1 of the 10 tests conducted (standardized mean difference [SMD] ϭ 1.0, p Ͻ.01) (12) , although the authors suggested that this result probably reflected a type 1 error caused by multiple significance tests. A second study found that more EHS participants reported a reduction in skin "tingling, prickling or itching" after 2 weeks of work with an activated electric-conductive filter fitted to their computer screen compared with 2 weeks of work with a deactivated "placebo" filter fitted (13) . However, this effect was small (mean difference ϭ 0.1 on a 10-point scale), no other symptoms were affected, and the authors were subsequently unable to replicate this finding in a larger study with a longer exposure period (14) . Of the remaining 10 studies, none found any evidence that EHS participants had greater sensibility than healthy controls or experienced more symptoms in active compared with inactive conditions (7, (15) (16) (17) (18) (19) (20) (21) (22) .
Two of the 99 EHS participants (2.0%) for whom information was available in these studies appeared to be reliably able to discriminate EMF from sham conditions, compared with 1 of 32 healthy controls (3.1%). This difference was not statistically significant (chi-square ϭ 0.13, df ϭ 1, p ϭ .72).
Mobile Phone-Related Experiments
Details of the 7 studies relating to mobile phone hypersensitivity are given in Table 2 . One of these reported that a single participant of the 7 tested could detect whether a mobile phone hidden inside a bag was "on" or "off" 9 times out of 9 (23). Unfortunately, this study did not include a nonsensitive control group. Moreover, in an as-yet unpublished study, the same group previously used similar methods to test "about 70" EHS participants 3 to 12 times each without finding any who could reliably make this discrimination (Johansson, personal communication), suggesting that the significant finding may be a statistical artefact caused by repeated testing.
In another study, Zwamborn et al. (24) reported that exposure to a universal mobile telecommunications system (UMTS) mobile phone base station signal resulted in greater levels of anxiety, somatic symptoms, inadequacy, and hostility for EHS participants than exposure to a sham signal (p Ͻ.05). A healthy control group was also significantly more affected by the UMTS signal than the sham signal, experiencing an increase in inadequacy only (p Ͻ.05). These effects were smaller in the control group (overall SMD for well-being ϭ 0.22) than in the EHS group (SMD ϭ 0.36), although the authors of the study caution against direct comparison between the groups because of the demographic differences observed between them. Some changes in objective cognitive measures were also apparent for both samples as a result of exposure to UMTS, 900-MHz and 1800-MHz signals, although no consistent pattern was found in terms of which cognitive variables were affected by which type of signal (see Table 2 ). Furthermore, although some cognitive parameters (ability to filter information, reaction time) showed significant decrements as a result of exposure, others (memory, visual attention, dual-tasking reaction time) showed significant improvements.
Of the 4 remaining blind or double-blind mobile phonerelated studies (25) (26) (27) (28) , none found any effect indicative of biophysical hypersensitivity.
Only 1 EHS participant (0.8%) of the 125 for whom information was available in these studies was consistently able to discriminate active from inactive exposures. No comparable data were available for any control participants. Nevertheless, the probability of 1 or more of 125 participants identifying "on" from "off" 9 times out of 9, as this participant did, but purely by chance, is p ϭ .22.
General Electromagnetic Hypersensitivity-Related Studies
Ten studies tested individuals reporting EHS using provocations with other sources of weak EMF (Table 3) . One of the earliest, by Rea et al. (29) , tested 100 patients with EHS and comorbid "biological inhalant, food and chemical sensitivities." Of these, 16 individuals were identified who repeatedly responded to certain EMF frequencies with symptoms but who did not respond to inactive challenges. A control group of healthy volunteers showed no response to either type of challenge. Although the substantive parts of this study were described as double-blind, the authors reported that the exposure equipment and its operator were present in the testing room during the experiment. A subsequent attempt by this group to replicate their findings, but this time using a screen to prevent participants from seeing the manipulation of the exposure equipment, did not find any evidence of biophysical hypersensitivity (30) .
Aside from this study, only 1 other in this category found any significant effect of EMF (31) . This crossover experiment exposed EHS participants to 4 hours of nighttime EMF or an inactive sham condition over the course of 4 weeks. Measurements of mood during the morning revealed significantly higher levels of pleasure (p ϭ .01) and arousal (p ϭ .05) during the EMF condition, a finding that runs contrary to the self-reports of EHS sufferers. The explanation for these findings is still unclear, but given their unexpected direction, they do not seem to support the hypothesis that EHS sufferers are adversely affected by EMF. Of the remaining 7 studies, none identified any significant effect of EMF on EHS sufferers (32) (33) (34) (35) (36) (37) (38) .
Six of 95 EHS participants (6.3%) and 1 of 47 control participants (2.1%) were reliably able to discriminate active from inactive conditions in these experiments, a nonsignificant difference in proportions (chi-square ϭ 1.18, df ϭ 1, p ϭ .28).
Other Studies
One other study (39) was identified. This used a betweenparticipants design to test a group of 66 volunteers drawn from student and military populations. Two of the 3 provocations used are particularly relevant here: exposure to EMF and noise, and exposure to noise only. Adjusting for performance in a third condition in which noise and EMF were not present, participants classified as hypersensitive were significantly more affected by the presence of EMF than control participants in terms of their performance on visual processing and visual attention tasks (p Ͻ.05). No such effects were seen for 3 other cognitive variables or for subjective discomfort (see Table 4 ). However, interpretation of these results is complicated by several methodologic factors, including the categorization of participants into sensitive or control groups on the basis of responses given after testing had been completed and the inappropriate use of 1-tailed significance tests.
DISCUSSION
Current Evidence
To date, 7 blind or double-blind provocation studies have found some effect of EMF provocation on people who report EHS (12, 13, 23, 24, 29, 31, 39) . However, even the original authors have been unable to replicate the results of 2 of these (14, 30) , the results of 3 more seem to be statistical artefacts reflecting the large number of significance tests conducted (12) , the large number of participants tested (23); unpublished Johansson study), or the inappropriate use of 1-tailed significance tests (39) , and the results of the remaining 2 are mutually inconsistent, with one showing improved mood as a result of provocation (31) , while the other shows worse mood (24) . Meanwhile the cognitive effects of this last study were apparent in both the control group and the hypersensitive group and appeared to reflect both improvements and impairments in cognition (24) . Twenty-four other blind or double-blind provocation studies have found no evidence that people with apparent EHS are especially sensible or hypersensitive to EMF. Our metaanalyses also confirmed these findings. In summary, we have therefore been unable to find any robust evidence to support the existence of EHS as a biologic entity.
On the other hand, several of the experiments reviewed also examined the effects of a nonblind exposure to the relevant stimulus (7, 22, 23) . All found that when the participants were aware that the EMF source was switched on, they 
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reported being able to detect the EMF or experienced more symptoms. Another study found that participants' beliefs about the status of a double-blind exposure significantly predicted symptom reporting regardless of whether these beliefs were correct (21) . Given that the actual presence of EMF did not correlate with increased symptom severity in these studies, these findings suggest that psychologic mechanisms may play at least some role in causing or exacerbating EHS symptoms.
Review Methodology
Our results illustrate the need to conduct reviews systematically and without heed to the publication status, language, or conclusions of the primary research. By doing this, we have been able to identify a large number of studies that have gone unreported in previous reviews. It is always possible, however, that additional provocation studies exist that we were not able to find. Yet, given that publication bias makes studies with significant results easier to locate, it is very unlikely that any missing studies would alter our conclusions.
A subtler problem for this review concerns the homogeneity of the participants included in the original research. Although some studies focused on participants with a single complaint such as skin rashes caused by VDUs (17) or symptoms caused by mobile phones (28) , others tested volunteers with more generalized and typically more severe sensitivities under the assumption that this would make any effect easier to detect (16) . In this review, we have made no distinction between these categories. Given that there is no a priori reason to assume that any biophysical mechanisms governing the adverse effects of EMF will differ between these groups, we believe we are justified in doing this. Nevertheless, arguments might be made for assessing these groups independently. Although poor reporting by the original studies makes subdivision into these categories difficult (1), we do not believe that doing this would alter our conclusions; the studies reviewed provide no robust evidence for the existence of generalized EHS, and there is currently no good evidence for the existence of more specific sensitivities to mobile phone signals or VDU emissions. However, as new technologies with different EMF characteristics are developed, it is likely that new sensitivities to them will be reported. As such, there will always be room to argue that the latest form of EHS has yet to be fully investigated.
Research Methodology
Why have so many provocation studies failed to produce significant findings? A number of suggestions have been put forward. For example, it has been suggested (24, 29) that only studies conducted in specially designed chambers, which shield against all extraneous background EMF, would be able to produce a significant result. However, although this would presumably reduce any "noise" in symptom reporting and make increased symptoms easier to identify, people with EHS do usually report being able to detect the presence of electromagnetic triggers in everyday life. It should therefore also be possible for scientists to detect this sensitivity against the backdrop of normal EMF levels. Moreover, many of the studies reviewed did use techniques to reduce or control for background EMF but were still unable to identify an effect (7, 12, 16, 19, 21, 28, 30, 36, 38) . Other arguments sometimes heard are that the participants in an experiment were not sensitive enough, that the wrong symptoms were measured, that the exposure used was the wrong kind, or that the follow up was too short. Again, none of these seem very plausible as an explanation for all the negative results. In particular, we note that when provocation studies have included nonblind arms or training sessions, then it usually has been possible to measure an increase in symptoms (7, 22, 23) . Other studies have found participants to be confident in their assertions that a particular session was active or inactive (15, 21) or have identified increases in symptoms that are similar to those found after exposure to real-life triggers (18, 34, 37) . The conclusions of the 1997 European Commission report thus still seem to be valid: participants do experience "realistic" symptoms in these experiments, but this is apparently not associated with the presence of EMF (1).
More of an issue are "hangover effects." EHS sufferers sometimes report symptoms that can last for several days (3). It is therefore important that studies use an appropriate interval between provocations to prevent symptoms experienced in one from masking any effects of the next. It is difficult to know how many studies were affected by this, but at least 2 reported that hangover effects did seem to have an impact on their results (18, 29) .
Low statistical power might also explain some of the negative findings. This is not simply an issue of sample size; testing a single participant numerous times can be a powerful design, although it does reduce the generalizability of any negative findings. Nevertheless, the majority of studies included relatively small sample sizes and failed to justify this by providing a power calculation. Such a calculation could be based on participant reports of usual symptom severity after real-life exposure to the stimulus and should now be given in any future research.
Implications for Researchers and Clinicians
We are aware of at least 6 more double-blind provocation studies into EHS that are currently ongoing, each of which is examining hypersensitivity symptoms associated with mobile phone-type signals. The results of these studies will determine whether any more research in this area is needed. If further studies are necessary, the following guidelines should be considered: 1) Studies should include a healthy control group. This will not only provide a standard against which to judge heightened sensibility (38) , but it will also provide a useful indication of the adequacy of the blinding (16) . 2) The nature and severity of participants' self-reported sensitivities should be assessed and reported. This might then be used to produce a power calculation, which should also be reported.
3) The inclusion of open-blind provocation sessions should be considered as a useful way of ensuring the face validity of the experiment. 4) Hangover effects should be controlled by the use of lengthy intervals between exposures or else checked for by the use of preexposure measures of symptom severity.
Our review suggests that treatment for EHS should not simply focus on reducing EMF exposure because this is unlikely to address the root causes of the problem (14) . Identifying what these causes are may require careful investigation. For some, complaints of EHS may mask organic or psychiatric pathology, whereas others may benefit from a course of cognitive behavioral therapy (21) .
CONCLUSIONS
This systematic review could find no robust evidence to support the existence of a biophysical hypersensitivity to EMF.
